Introduction
Recent achievements in electronics (Ackerman et al. 1980 ) and cryomagnetics have permitted the technique of nuclear magnetic resonance spectroscopy (NMR) to be developed to the point where it has potential clinical application. In theory this method of biochemical tissue analysis is not dissimilar from more traditional forms of spectroscopy, i.e. a sample is irradiated with energy and the amount absorbed is measured. In practice it differs in one important respectthe area under study is placed in a homogeneous static magnetic field. Radio-frequency energy (really an oscillating magnetic field) is used for the irradiation and some nuclear species within the sample interact with both fields to produce signals (resonances). These reflect some electronic properties of the species and can be analysed to identify the structure and the environment of the nuclei from which they arose. (For more detailed theoretical descriptions see Shulman 1979 and Gadian 1982.) Because of such technical advances, NMR spectroscopy has undergone a metamorphosis from a laboratory technique restricted to the analysis of solutions in test tubes (Kowalsky 1962) to one with application to the study of tissues in vitro (Hoult et al. 1974) , organs in vitro (Garlick et al. 1977) and even organs in vivo either following surgical exposure (Ackerman et al. 1980 , Weiner et al. 1980 or noninvasively (Ackerman et al. 1980 , Newman & Radda 1983 , Newman 1984 . This paper solely reviews clinical applications of NMR spectroscopy, and the reader is referred to the literature for results of animal investigations (Radda & Seeley 1979 as well as details of NMR imaging (Henderson 1983) .
Technique
The part of the patient to be studied is placed within the central region of the spectrometer. This distorts the instrument's magnetic field homogeneity but is minimized by adjustment of the current flowing within subsidiary coils of the magnet. The area of interest is irradiated for approximately 20-50 psec with radio-frequency energy (of the same frequency as the known resonance frequency of the nucleus under study) using a tuned coil. This induces nuclear resonance and the resulting radio signal is detected over the following 1-2 seconds by either the same or a separate receiver coil. The signal is of small amplitude and the 'scan' must be repeated many times and the data summated before a spectrum is recorded with an acceptable signal-to-noise ratio. With modern equipment this can usually be achieved for normal skeletal muscle in vivo in 30-60 seconds (Newman et al. 1982 , Taylor et al. 1983 ).
Advantages and limitations
The unique advantage of NMR spectroscopy over conventional analytical techniques is that it is non-destructive and completely noninvasive. As far as it is known it is biologically harmless (Gadian 1982) but guidelines for its safe use have been prepared (National Radiological Protection Board 1981) .
The method is nonspecific and unexpected compounds are not overlooked during the investigation. This point was illustrated by the work of Glonek et al. (1981) in which several 'Accepted 16 May 1984 previously unrecognized phosphate-containing metabolites were, identified in extracts of both normal and dystrophic muscle by NMR techniques. Furthermore, measurements can be made of several compounds simultaneously and intracellular pH, in particular the range of pH, can be monitored (Moon & Richards 1973) .
The major limitation of NMR spectroscopy is its lack of sensitivity and prolonged recordings may be required. For example, in a recent in vivo study of muscle metabolism in Duchenne dystrophy the NMR examination lasted almost one hour (Newman et al. 1982) .
Magnets suitable for NMR spectroscopy are expensive (though moderately cheap to maintain) and require purpose-built accommodation. The bore is the major factor which limits the size and shape of the object that can be studied, and an instrument with a 20 cm diameter bore (currently considered as 'wide') only permits the NMR examination of the human forearm.
Choice of nucleus
In theory any nucleus with an odd mass number can be studied by NMR, e.g. 'H, 13C, 170 and 23Na. However, the ease of detection of a particular nucleus is proportional to the product of the cube of its gyromagnetic ratio and its natural abundance (Gadian 1982) .
Protons ('H) have the highest sensitivity and consequently most NMR experiments have been performed using this nucleus. Biological studies commonly involve molecules of high molecular weight, and 'H NMR spectroscopy therefore results in the recording of spectra with vast numbers of resonances. This hampers resolution, i.e. separation of adjacent signals, and attention has been turned to the study of alternative nuclei.
"3C NMR has obvious applications to the investigation of intermediary metabolism (Alger et al. 1981 , Edwards et al. 1982 and '9F NMR is theoretically attractive since its sensitivity is similar to that of protons. Studies using l N NMR could be of great value since there is no known isotope of nitrogen that is suitable for radioactive tracer experiments. 23Na NMR may be used for studies of salt and water metabolism but the nucleus that has proved to be most useful so far has been that of phosphorus. This is mainly because 31p occurs in relatively few sites in biological molecules and the observed spectra therefore contain few easily resolved signals. The spectral peaks are narrow and their relative positions (chemical shifts) are sensitive to changes in pH.
The 31P NMR spectrum A high resolution NMR spectrum is a graph of absorption amplitude versus irradiation frequency, and a typical high resolution 31P NMR spectrum recorded at rest from the flexor forearm muscles of a healthy adult is shown in Figure 1 . The resonance labelled ,B-adenosine triphosphate (ATP) is the only signal unique to that compound since its a and y peaks occur at the same positions as the a and # resonances of adenosine diphosphate (ADP). Similarly, the a signal of ATP overlaps that of nicotine-adenine dinucleotide (NAD).
Clinical studies
Because of the geometrical considerations discussed above, most clinical investigations have been restricted to the forearm and calf regions. The first to be published was that of Chance et al. (1980) which demonstrated that the ratio of phosphocreatine to inorganic phosphate in resting muscle was in excess of 10: 1. During exercise this ratio decreased (due to a combination of a reduction in phosphocreatine and an increase in inorganic phosphate) and returned to normal during the recovery phase. Spectra with significantly better resolution were published by Cresshull et al. (1981) and Taylor et al. (1983) subsequently showed that the resting intramyocellular pH is 7.04+0.03 (s.d.) -a figure which is in agreement with commonly accepted values. The pattern of the relative resting concentrations of phosphocreatine (PCr), ATP and inorganic phosphate (Pi) changed during exercise but there was a good correlation between the PCr/(PCr+Pi) ratio and intramyocellular pH.
The latter study was performed on a group of young adults (20-45 years), and a more recent investigation on geriatric patients (70-80 years) demonstrated that the energetics of aging skeletal muscle was essentially unchanged (Taylor et al. 1984) . These results suggested that the aging process does not affect the metabolic response of skeletal muscle to exercise and that weakness in the elderly is probably secondary to loss of muscle mass (as previously suggested by Young et al. 1982 ).
The first NMR study of abnormal muscle was on a patient with McArdle's syndrome and though this demonstrated an alkaline resting intramyocellular pH (7.2), the ratios of the phosphate-containing metabolites were normal. During ischaemic exercise the pH was maintained and did not decline, as it does in healthy individuals due to the accumulation of lactic acid formed during glycolysis.
A similar study on one subject with phosphofructokinase deficiency was reported by Edwards et al. (1982) . The resting spectrum was normal but during ischaemic exercise there was a 50-fold increase in the sugar phosphate signal and the intramyocellular pH remained constant.
The results of these two studies in which a block in the glycolytic pathway was characterized by a constant intramyocellular pH, i.e. a straightforward and unequivocal NMR observation, raise the possibility that this investigation may be superior to the ischaemic lactate test. This is the conventional screening procedure for such disorders but is known to be difficult and unreliable (Strang & Ross 1982) .
Other myopathies have been studied by NMR techniques, including mitochondrial myopathy , Radda et al. 1982 as well as that associated with osteomalacia (Smith et al. 1984). For reasons already discussed the latter investigation was restricted to the forearm flexor muscles even though it was acknowledged that the myopathy predominantly affected the girdle musculature. This may explain, at least in part, the minimal spectroscopic abnormalities demonstrated in spite of quite profound muscle weakness.
A similar NMR study was performed on a group of children with advanced Duchenne dystrophy (Newman et al. 1982) but in this case the same criticism cannot be applied since the forearm muscles were affected by the disease. One of the most important findings was the recording of an unidentified peak between those of phosphocreatine and inorganic phosphate, the spectral position of which was pH-sensitive . This observation refuted a previous suggestion based upon in vitro investigations of dystrophic chicken muscle (Burt et al. 1976 , Chalovich et al. 1979 ) that phosphodiesters were responsible for this additional peak since it was also shown that the NMR signals of such compounds do not vary with pH. Further studies have indicated that this peak is not specific for Duchenne dystrophy since it has also been recorded from some but not all cases of Becker dystrophy, girdle dystrophy and chronic denervation . Similarly the spectra of several patients with chronic hypothyroidism displayed a signal in the same spectral position which disappeared following treatment with thyroxine (Radda, personal communication) . The site of origin of this signal therefore remains unclear.
For years investigators using conventional biochemical techniques (Vignos & Warner 1963 , Stengel-Rutkowski & Barthelmai 1973 , Thompson & Smith 1978 and even in vitro NMR methods (Glonek et al. 1981) have considered that the concentrations of phosphocreatine and ATP in muscle are diminished in dystrophy. This information is important since if true, the possibility that the level of ATP may be increased by therapy (Thompson & Smith 1978) requires investigation. However, in all these works, non-collagen protein was adopted as the reference base and this denominator fails to consider the fibroblasts, fat cells, mononuclear cells, etc., that are present in Duchenne but not normal muscle and that undoubtedly contribute non-collagenous protein without adding phosphocreatine or ATP in significant amounts. Current in vivo NMR techniques do not give a measure of the absolute levels of metabolites present but rely upon the measurement of relative concentrations. Recently the 'intracellular concentration index' -an approximate indicator of intracellular metabolite levelswas developed and showed that whereas that of phosphocreatine was low in Duchenne (Newman et al. 1982) and Becker dystrophy ), that of ATP was normal in both conditions. Similar results have been obtained in arthrogryposis multiplex congenita ) and indicate that even in these disease states the enzyme creatine kinase functions to maintain a constant tissue concentration of ATP (until, of course, phosphocreatine is depleted: Newman 1984) .
The results of 13C NMR spectroscopy have been used to infer the composition of forearm fat (Alger et al. 1981) and it was suggested that this technique may prove valuable in characterizing nutritional fat deficiency as well as abnormalities in fatty acid metabolism. Edwards et al. (1982) performed a similar study on one patient with Duchenne dystrophy and found that the excess fatty tissue in the limb had roughly the same composition as that of a control subject.
Clinical NMR studies on hepatic, renal and cardiac metabolism have been precluded until now because of the unavailability of magnets capable of accommodating a human torso. Some such instruments are currently under construction but, in the interim, cerebral metabolism has been monitored in a small group of neonates who were small enough to fit into an instrument usually used for forearm studies ). Hypoxia was reflected as a reduction in the PCr/Pi ratio, though the intracellular pH was maintained. Further studies are required to correlate cerebral function with these biochemical observations, but it is interesting to speculate whether NMR spectroscopy may be an adjunct (or even superior) to electroencephalography in the diagnosis of brain death.
Nuclear magnetic resonance spectroscopy has also been applied to the study of excised kidneys prior to transplantation. Chan et al. (1984) showed that both the level of the adenine nucleotides and the intracellular pH at the time of implantation correlated well with the immediate postoperative renal function. These results have yet to be corroborated but in the interim they show that when instruments suitable for whole body scanning become available, NMR spectroscopy may prove to be a useful technique for the pre-and postoperative assessment of transplanted organs.
Tumours have also been investigated by NMR spectroscopy and a prolonged spin lattice relaxation time (an index of the time taken for resonating nuclei to return to equilibrium following irradiation) was demonstrated in malignant tissues by Damadian (1971) . It was suggested that this measurement would find subsequent clinical application (Hazelwood et al. 1974 ) but such studies have been precluded for technical reasons until recently. For example, breast biopsies and axillary lymph nodes have been examined by 31P NMR and it was possible to distinguish the benign and malignant samples (Fossel et al. 1983) . Similarly, the region of a surgically-excised kidney that contained a hypernephroma was shown to differ from the normal regions because of its abnormally high glycolytic activity (Chan 1983 ). This was confirmed by Ross et al. (1984) who enhanced these subtle spectroscopic features by substrate deprivation and hypoxia. They also demonstrated changes compatible with tumour necrosis during perfusion with chemotherapeutic agents. Human tumours implanted into mice have been studied in vivo by NMR (Weisman et al. 1972 , Evanochko et al. 1982 ) but the first clinical study was that of Griffiths et al. (1983) in which spectroscopy was performed during chemotherapy of a secondary rhabdomyosarcoma in the skin. They attributed the spectral changes observed to modification of tumour metabolism as regression occurred, but this explanation has subsequently been challenged (Bore 1983) .
It has been suggested that different tumours may display unique NMR characteristics (Koeze 1982) . If this is shown to be true, NMR spectroscopy may then allow not only their identification without biopsy but also the noninvasive assessment of their response to therapy.
Conclusion
Nuclear magnetic resonance spectroscopy has progressed far since the original description of the phenomenon (Bloch et al. 1946 , Purcell et al. 1946 ) and now permits noninvasive and harmless measurements to be repeatedly made of tissue biochemistry. Currently, there is a paucity of NMR data on normal human metabolism and the interpretation of spectra recorded from diseased tissues must be circumspect. This is further complicated by the inability of NMR spectroscopy easily to render accurate quantitative measurements, and all published observations must be considered to be compatible with, rather than diagnostic of, specific diseases. Nevertheless, NMR is an important addition to the clinician's armamentarium and these relatively expensive instruments should be situated in regional referral centres.
Undoubtedly the most significant advances in NMR technology will only occur following the successful combination of the imaging and spectroscopic techniques, since that will enable anatomical and metabolic data to be obtained from a single site without the need for biopsy.
Nuclear magnetic resonance spectroscopy has much to offer and the practical hazards appear to be few. In the next few years we will undoubtedly see an improvement in the quality of the data obtainable and a growing diversity of clinical applications.
